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Kinetics of peritoneal dialysis in children: Role of lymphatics. Intra-
peritoneal fluid is absorbed continuously by convective flow into the
peritoneal cavity lymphatics. We evaluated the role of lymphatic
absorption in the kinetics of peritoneal dialysis during standardized four
hour exchanges in six children using 40 mI/kg of 2.5% dextrose dialysis
solution. Cumulative lymphatic absorption averaged 10.4 1.6 mI/kg
and reduced the total net transcapillary ultrafiltration during the dwell
time by 73 10%. Due to the considerable lymphatic absorption rate,
maximum intraperitoneal volume was observed before osmolar equilib-
rium. Extrapolated to four study exchanges per day, lymphatic absorp-
tion decreased the potential daily drain volumes in the children by 27
5% and daily peritoneal urea and creatinine clearances by 24 4% and
22 5%, respectively. Compared with four hour exchanges using two
liters of 2.5% dextrose dialysis solution in 10 adult CAPD patients with
average peritoneal transport, the children had more rapid equilibration
of urea, greater absorption of dialysate glucose, higher lymphatic
absorption and lower net ultrafiltration (P < 0.01 to P < 0.05).
Lymphatic absorption therefore causes a relatively greater reduction in
net ultrafiltration and solute clearances in children than in adults.
Peritoneal dialysis has several advantages over hemodialysis
in the treatment of children with azotemia and therefore has
become the preferred dialytic modality for most children devel-
oping end-stage renal disease [1, 21. Previous studies of ultra-
filtration kinetics in CAPD suggest that net ultrafiltration,
scaled for body surface area, is lower in children than in adults
[3—5]. The relative reduction in net ultrafiltration volumes in
children on CAPD has been attributed to more rapid absorption
of glucose from the dialysis solution and earlier dissipation of
the transperitoneal osmotic gradient [3, 4]. However, in a pe-
diatric CAPD population with poor ultrafiltration capacity, net
ultrafiltration did not correlate with the duration of CAPD, the
patient's age at the onset of dialysis, the occurrence of prior
episodes of peritonitis or the use of 4.25% dextrose or acetate
containing dialysis solutions [61. Thus, the pathophysiology of
the relatively poor peritoneal ultrafiltration capacity in children
on long-dwell peritoneal dialysis remains incompletely under-
stood.
Previous studies of peritoneal dialysis kinetics have focused
on fluid and solute exchange between the peritoneal microcir-
culation and the infused dialysis solution. The intraperitoneal
dialysis solution, however, is also continuously absorbed by the
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peritoneal cavity lymphatics [7, 8]. Consequently, net ultrafil-
tration at the end of each exchange really represents the
difference between net transcapillary fluid transport into the
peritoneal cavity and lymphatic absorption out of the peritoneal
cavity during the dwell time. Recent studies have shown that
net ultrafiltration in adult CAPD patients is greatly reduced by
cumulative lymphatic absorption during the dwell time [9]. The
considerable absorptive capcity of the peritoneal lymphatics in
children has been utilized clinically to perform intraperitoneal
blood transfusions for over fifty years [10—12]. Thus, lymphatic
absorption from the peritoneal cavity may also significantly
decrease net ultrafiltration during long-dwell peritoneal dialysis
exchanges in children.
This study was performed to evaluate the contribution of
cumulative lymphatic absorption during the dwell time to the
loss of ultrafiltration and solute clearances in children on
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peritoneal dialysis.
Methods
Patients
Standardized four hour exchanges using 2.5% dextrose dial-
ysis solution were performed in 6 children on CAPD or CCPD
(continuous cyclic peritoneal dialysis) [13]. The study was
approved by the Institutional Review Board for Human Exper-
imentation, University of Missouri-Columbia and the parents of
each child gave written, informed consent. At the time of study,
the mean age of the children was 9 5 (SD) years (range 2 to 13)
and the mean duration of CAPD was 19 14 months (range 10
to 47). None of the children had clinical evidence of dialysate
leaks or fluid overload. Although all of the children had had at
least one prior episode of peritonitis (mean 2.3 2.0 episodes),
none had peritonitis within three months of the study. All of the
patients had always used lactate containing dialysis solutions
and none of the children had clincal or biochemical features of
acute or chronic liver disease. The clinical data of the children
at the time of study are summarized in Table 1.
Study exchanges
Each study was performed after a four hour exchange using
the child's normal infusion volume (Table 1) of 2.5% dextrose
dialysis solution (Dianeal PD-2, Baxter-Travenol, Deerfield,
Illinois, USA). To standardize the dialysis mechanics of the
study exchanges and thereby permit interpatient comparisons,
the study infusion volume was 40 mllkg body weight for each
child. The study dialysis solution was prepared by preheating
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Table 1. Clinical data of children at time of study exchanges
Patient
no.
Age
years Sex
Cause of end-stage
renal failure
Months
on CAPD
Prior
episodes of
peritonitis
Weight
kg
Height
cm
Body surface
area m2
Peritoneal
dialysis
schedule
1 8 M Hemolytic-uremic syndrome 12 1 21 115 0.84 CAPD
2 12 F Chronic glomerulonephritis 10 1 33 143 1.19 CCPD
3 11 M Medullary cystic disease II 1 30 135 1.07 CCPD
4 2 M Dysplastic kidneys 24 3 10 76 0.44 CAPD
5 10 M Hemolytic-uremic syndrome 47 6 29 129 1.03 CAPD
6 13 M Chronic glomerulonephritis 12 2 30 130 1.04 CCPD
a CAPD; all children used four I liter exchanges per day except patient 4 who used volumes of 0.5 liter.
CCPD; all children used four I liter exchanges overnight and a 0.5 lIter exchange during the day.
1.0 or 1.5 liters of 2.5% Dianeal PD-2 to 37°C, removing the
required volume of dialysate with aseptic technique and adding
25% human serum albumin (Baxter-Travenol) to give a volume
of 1.5 g% albumin dialysis solution equivalent to 40 mi/kg body
weight. The standardized study volumes were selected to
correspond to infusion volumes routinely used in children on
CAPD [1, 2].
After complete drainage of the previous dwell over 20 min-
utes, the study dialysis solution was instilled in 10 minutes.
During infusion of the dialysis solution the patient rolled from
side to side every two minutes to promote intraperitoneal
mixing of the dialysate. After complete infusion (time 0), the
patient remained supine for the four-hour study exchange. After
four hours the dialysate was drained over 20 minutes, the drain
volume measured in a graduated cylinder and the patient's
usual volume of fresh dialysis solution without albumin in-
stilled.
Dialysate samples (10 ml) were obtained serially at times 0,
30, 60, 120, and 180 minutes during the study dwell time, from
each infusion and drain volume, and immediately following
complete infusion of the wash-out exchange after the study
dwell. Serial samples during the exchange were taken after
draining 200 ml into the drain bag and inverting the bag three
times. Immediately after each serial sample was obtained, the
dialysate remaining in the drain bag was reinfused. Blood
samples (7 ml) were drawn at the beginning and end of the study
exchange. It is emphasized that all the dialysate samples were
taken with strict aseptic technique using a povidone-iodine
solution impregnated sponge (Connection Shield III, Baxter-
Travenol) over the sample port of the dialysis bag. Fortunately
these precautions proved to be adequate since none of the
patients developed peritonitis within one week of undergoing
the study exchange.
Laboratory methods
Albumin, glucose, urea, creatinine, and potassium concen-
trations and osmolality were measured in all samples. Serum
and dialysate albumin concentrations were measured in dupli-
cate by the bromcresol method [14]. Dialysate and serum urea
and creatinine and serum glucose concentrations were deter-
mined by standard automated methods (Autoanalyzer II,
Technicon Instruments Corporation, Tarrytown, New York,
USA). Dialysate creatinine values were corrected for high
dialysate glucose concentrations [15]. Dialysate glucose con-
centrations were measured by the ortho-toluidine method [16].
Serum and dialysate potassium concentrations were measured
using a flame photometer (model 343, Instrumentation Labora-
tories, Inc., Lexington, Maryland, USA). Serum and dialysate
osmolalities were determined using a Wescor 5100 B vapor
pressure osmometer (Wescor Inc., Logan, Utah, USA).
Calculations
Since intraperitoneal marker colloids are removed from the
peritoneal cavity almost exclusively by convective flow via the
peritoneal cavity lymphatics [17—20], cumulative lymphatic
absorption over the four-hour dwell time was calculated from
the net mass transfer of albumin from the peritoneal cavity
during the exchange. Furthermore, since lymphatic drainage
during peritoneal dialysis in the rat proceeds at almost a linear
rate throughout the exchange [21], the lymphatic absorption
rate during CAPD exchanges was also assumed to be constant
and was calculated by dividing cumulative lymphatic absorp-
tion by the dwell time.
Cumulative net transcapillary ultrafiltration was estimated
from the dilution of the initial dialysate albumin concentration
since the intraperitoneal albumin concentration is unchanged by
lymphatic absorption of intraperitoneal fluid [18—20, 22] and any
decrease in the dialysate albumin concentration during the
dwell time results from net influx of fluid from the peritoneal
microcirculation.
The calculated net ultrafiltration volume at time intervals
during the exchange was calculated as the difference between
cumulative net transcapillary ultrafiltration and lymphatic ab-
sorption after each time interval. The calculated intraperitoneal
volume at each time interval was calculated as the intrapento-
neal volume at 0 hour dwell time plus the calculated net
ultrafiltration after the time interval. The measured net ultrafil-
tration volume at the end of the four-hour dwell time equalled
the difference between the intraperitoneal volumes at the be-
ginning and end of the exchange. That is:
1. Lymphatic absorption during the 4 hour dwell (ml)
(A0 x IPV0) — (A4 x IPV4)
AG
2. Cumulative net transcapillary UF (ml) after time t (hours) =
A0/A (IPV0) — (IPV0)
3. Calculated net UF (ml) at time t (hours) =
Cumulative net transcapillary UF — lymphatic
absorption after time t
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4. Calculated intraperitoneal volume (ml) after time t (hours) =
IPV0 + calculated net UF at time t
5. Measured net UF at 4 hours (ml) = IPV4 — IPV0
where A0, A4, A =dialysate albumin concentrations at
times 0, 4 and t hours dwell time,
respectively
AG =geometric mean dialysate albumin
concentration
=V A0 x A4
IPV0 = intraperitoneal volume at 0 hour
dwell time
= infusion volume + pre-exchange
residual volume
IPV4 = intraperitoneal volume at 4 hour
dwell time
=drain volume + sample volume +
post-exchange residual volume
The geometric mean (AG) was utilized to represent the time
averaged mean intraperitoneal albumin concentration since the
dialysate albumin concentration decreases almost exponentially
during the exchange due to ultrafiltration. The pre- and post-
exchange residual volumes were derived from the mean of each
residual volume, calculated from the change induced in the
drain dialysate urea, potassium, glucose and albumin concen-
trations by the known volume and solute concentrations of the
newly infused dialysis solution.
The percentage glucose absorption from the dialysis solution
during the exchange was calculated as:
/ IPV4 x G\Ii— lxl00%\ IPV0 x Go)
where G0 and G4=dialysate glucose concentrations at 0 and 4
hours, respectively
Daily net transcapillary ultrafiltration and drain volumes
using four exchanges with the same volume of 2.5% dextrose
dialysis solution per day were extrapolated by assuming that net
transcapillary ultrafiltration was complete after the four-hour
dwell time and lymphatic absorption was continuous at the
observed rate. Daily solute clearances were calculated as the
product of daily drain volume and drain dialysate solute con-
centration divided by the mean serum solute concentration,
where the drain dialysate concentration was assumed to equal
the four hour dwell time solute concentration. Reverse solute
clearances (via lymphatics) were calculated from the product of
daily lymphatic drainage and mean dialysate solute concentra-
tion divided by the mean serum solute concentration.
Similar four hour study exchanges were performed in 10 adult
CAPD patients using two liters of 1.5 g% albumin, 2.5%
dextrose dialysis solution. Dialysate: serum urea and creatinine
ratios and effluent: initial dialy sate glucose ratios during the
standardized exchanges in the adult patients were within 1 SD of
the mean of our CAPD population and indicated that these
patients had average peritoneal transport rates [231. The results
in the children and adults were compared by Student's t-test
and correlation coefficients were derived by linear regression.
Results
Exchanges with 2.5% dextrose dialysis solution in children
Mean cumulative lymphatic absorption from the peritoneal
cavity during four hour exchanges with 40 mllkg of 2.5%
dextrose dialysis solution averaged 257 67 (sEM) ml in the six
children. To enable the analysis of group data from exchanges
with variable infusion volumes, cumulative net transcapillary
ultrafiltration, lymphatic absorption and calculated net ultrafil-
tration during the exchanges in children are expressed in Figure
1 as a percentage of the intraperitoneal volume at the beginning
of each exchange. Net transcapillary ultrafiltration occurred
mainly during the first two hours of the dwell time, whereas
lymphatic absorption continued at a linear rate throughout the
exchanges. Thus, peak ultrafiltration was observed at around
the 90 minutes dwell time and at the end of the exchanges
calculated net ultrafiltration averaged only 27 10%of total net
transcapillary ultrafiltration during the exchange (Fig. 1). Cal-
culated net ultrafiltration correlated closely with measured
ultrafiltration at the end of the four-hour dwell time (r = 0.94;P
< 0.02). Maximum intraperitoneal volume, expressed as a
percentage of the initial intraperitoneal volume, preceded os-
molar equilibrium which in turn preceded the approach of
glucose equilibrium (Fig. 2).
Comparison of ultrafiltration kinetics in children and adults
The comparative data of peritoneal dialysis kinetics in the
children and adults are expressed in relation to body weight,
body surface area, intraperitoneal volume and dialysate glucose
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Fig. 1. Cumulative net traiscapillary ultrafiltration, lymphatic absorp-
tion and net ultrafiltration (mean SEM) duringfour hour exchanges in
children using 40 mI/kg of 2.3% dextrose dialysis solution. All values
are expressed as a percentage of the intraperitoneal volume at the
beginning of the exchange (IPV0).
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load since there is no ideal method of factoring the results [24,
25]. Lymphatic absorption after the four hour exchanges was
higher in children than in adults but the difference only reached
significance when corrected for body weight (P < 0.01; Table
2).
Cumulative net transcapillary ultrafiltration tended to be
lower in children when adjusted for body surface area, intra-
peritoneal volume or dialysate glucose load but was higher
when expressed relative to body weight (Table 3). The propor-
tion of total net transcapillary ultrafiltration reabsorbed by the
pentoneal cavity lymphatics was greater during the exchanges
in the children (73 10%) than in the adults (40 6%; P <
0.01). Measured net ultrafiltration, scaled for body surface area,
Lymphatic absorption Children Adults P
mi/kg Body weight 10.3 1.8 4.4 0.9 <0.01
mum2 Body surface area 271 48 180 36
% Initial intraperitoneal voium&' 20.4 3.0 13.9 2.7
ml/g Dialysate glucose load 8.9 1.7 6.9 1.5
Children Adults P'
Net transcapillary UF
nil/kg Body weight 15.4 2.1 10.6 1.2 <0.05
mi/rn2 Body surface area 406 61 430 42
% Initial intraperitoneal volume 31 4 34 2.9
mug Dialysate glucose load 13.4 2.0 16.1 1.8
Measured net UF
mi/kg Body weight 4.1 1.9 5.9 0.7
mi/rn2 Body surface area ill 52 237 26 <0.05
% Initial intraperitoneal volume 9.2 3.8 19.1 2.2 <0.05
mI/g Dialysate glucose load 3.5 1.9 8.8 1.6 <0.01
Daily lymphatic absorption and reverse solute clearances
Extrapolated to four exchanges with 40 ml/kg of 2,5% dex-
trose dialysis solution per day, the daily drain volume in the
children averaged 168 15 mI/kg while daily lymphatic absorp-
tion was 62 11 mI/kg (Fig. 4). Thus lymphatic absorption
produced a proportionately greater reduction in the potential
daily drain volume in children (27 5%) than in adults (16
3%; P < 0.05).
Peritoneal and reverse (lymphatic) solute clearances, fac-
tored for body weight, were higher in the children than adults
(Table 4). However, when related to body surface area, urea
and creatinine clearances in children (4.2 0.4 and 3.5 0.2
Table 2. Lymphatic absorption after four hour exchanges in children
and adults related to body weight, body surface area, intraperitoneal
volume and dialysate glucose load120
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a Mean SEM values were compared by Student's t-test.
b The infusion volumes average 26 mI/kg (1254 63 mI/rn2 body
surface area) in adults and 40 mI/kg (1333 156 mI/rn2) in children.
Table 3. Ultrafiltration volumes in children and adults
Osmolar
equilibrium
a Mean SM values compared by Student's t-test.
intraperitoneal volume and dialysate glucose load, was signifi-
S. cantly lower in the children (Table 3).
The kinetics of ultrafiltration during the exchanges in the
children in this study were similar to adult CAPD patients with
high peritoneal transport rates. Firstly, the rate of absorption of
dialysate glucose was significantly above the reference range in
adults (Fig. 3) and the rate of equilibration of dialysate and
serum urea was greater during the first two hours of the
exchanges in children (P <0.05). Secondly, peak ultrafiltration
__________________________________________
and osmolar equilibrium occurred earlier in the dwell time
during the exchanges in the children (90 and 180 mm, respec-
tively; Fig. 2) than in the adults. Maximum ultrafiltration in
adults was observed after the two-hour dwell time and osmolar
equilibrium was not reached before the end of the exchanges.
Thirdly, the percentage of the dialysate glucose load absorbed
during the exchanges in the children (79 6%) was higher than
in exchanges in the adults (67 2%; P < 0.025). Despite the
differences in peritoneal transport rates, the duration of perito-
neal dialysis and the number of prior episodes of peritonitis did
not differ significantly between the children and adults.
Dwell time, hours
Fig. 2. Intraperitoneal volume, dialysate (•--•) and serum (0—0)
osmolalities and glucose concentrations (mean sEM) duringfour hour
exchanges with 2.5% dextrose dialysis solution in children. Peak
intraperitoneal volume, expressed as a percentage of the initial intra-
peritoneal volume (IPV0), occurs before the 90 minute dwell time.
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Fig. 3. Effluent/initial dialysate glucose ratios (mean SEM) during
exchanges with 2.5% dextrose dialysis solution in children, The refer-
ence range (mean I SD) fl adults is shaded. Glucose ratios in children
and adults with average peritoneal permeability x area were compared
by Student's i-test. < 0.01; *P < 0.05
liter/m2/day, respectively) were not significantly different from
peritoneal clearances of urea and creatinine in adults (4.9 0.3
and 4.1 0.3 liter/m2/day, respectively). Nevertheless, the
reduction in daily solute clearances due to lymphatic absorption
was significantly greater in children than in adults (Table 4).
Discussion
This study indicates that cumulative lymphatic absorption
from the peritoneal cavity significantly reduces net ultrafiltra-
tion and solute clearances in children on peritoneal dialysis.
The kinetics of pentoneal dialysis in children of diverse body
size can only be interpreted meaningfully if the dwell time,
osmolality and volume of exchanges are standardized [1, 241.
Accordingly, the dialysis mechanics of the study exchanges in
this group of children were kept constant and infusion volumes
of 40 mL/kg were selected to simulate exchange volumes used
routinely in CAPD or CCPD in children [1, 2, 241. Lymphatic
absorption during the four hour exchanges in the children
averaged 2.6 0.4 ml/kg per hour. This considerable rate of
lymphatic drainage resulted in the peak intraperitoneal volume
being observed well in advance of osmolar equilibrium (Fig. 2).
Although osmolar equilibrium occurred at the three hours dwell
time, glucose dysequilibrium continued until the end of the
exchanges (Fig. 2). These findings most likely reflect solute
sieving with transcapillary ultrafiltration [261.
The kinetics of peritoneal dialysis in children and adults were
compared during four hour exchanges with 2.5% dextrose
dialysis solution. The dialysis mechanics of the exchanges were
Drain Urea Creatinine
volume clearance clearance
Fig. 4. Contribution of lymphatic absorption to loss of daily drain
volumes and solute clearances in children using four exchanges with 40
mi/kg of2.5% dextrose dialysis solution per day. Symbols are: (mean
sEal) () lymphatic absorption/reverse solute clearances (mI/kg/day);
(D) drain volume/solute clearances (mi/kg/day).
Table 4. Peritoneal and reverse solute clearances in children and
adults using four exchanges with 2.5% dextrose dialysis solution per
day
Solute clearances Children Adults pa
Peritoneal urea clearances 158 20 121 9 <0.05
mi/kg/day
Reverse urea clearance 50 11 17 3 <0.005
mi/kg/day
Reverse/potential urea 24 4 12 2 <0.01
clearance %
Peritoneal creatinine clearance 133 13 104 12
mi/kg/day
Reverse creatinine clearance 39 10 13 2 <0.005
mi/kg/day
Reverse/potential creatinine 22 5 lI 2 <0.05
clearance %
Mean SEM solute clearances or clearance ratios were compared
by Student's i-test.
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the same except for the infusion volumes of dialysis solution,
which in adults averaged 26 mI/kg and in children were stan-
dardized at 40 mI/kg. These infusion volumes, however, are
similar to exchange volumes used clinically in both adults and
children. Thus scaled comparisons will reflect differences in
ultrafiltration and solute kinetics during standard peritoneal
dialysis exchanges in children and adults.
Measured net ultrafiltration at the end of four hour exchanges
is lower in children than adults with average peritoneal trans-
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port rates, when scaled for body surface area [5], initial
intraperitoneal volume or dialysate glucose load (Table 3).
When adjusted for the same parameters, lymphatic absorption
during the exchanges in children tended to be higher and net
transcapillary ultrafiltration lower than in adults (Tables 2 and
3). Thus, since net ultrafiltration equals cumulative net trans-
capillary ultrafiltration minus lymphatic absorption, the above
combination of factors most likely explains the relatively low
measured net ultrafiltration in children. However, this rela-
tively low net ultrafiltration capacity in children is compensated
to some extent by the routine use of higher infusion volumes
(mi/kg). In effect net ultrafiltration volumes in children and
adults are equal when corrected for body weight, but are
achieved at the expense of a relatively higher initial intraperi-
toneal volume, higher dialysate glucose load and higher trans-
peritoneal glucose absorption. Impaired calorie intake and poor
growth rates are major problems in uremic children and the
higher obligatory dialysate glucose (and calorie) load per kg in
children may not produce metabolic complications as fre-
quently as in adults [27].
Net transcapillary ultrafiltration and solute kinetics in the
studied children were similar to adults with high peritoneal
transport rates. Glucose was absorbed rapidly from the dialysis
solution (Fig. 3) [3—51 and peak ultrafiltration and osmolar
equilibrium occurred early in the dwell time (Fig. 2). Likewise
the rate of equilibration of dialysate and serum urea was also
more rapid in children than adults [5]. These findings occurred
despite higher infusion volumes per kg body weight in children,
which would tend to slow peritoneal solute equilibration rates
by reducing peritoneal surface area to volume relationships [28,
29]. Thus the higher solute equilibration rates in the children
cannot be attributed to, and indeed should be lessened by,
differences in dialysate infusion volumes between the children
and adults. The apparently higher peritoneal transport rates in
children may be related to their higher peritoneal surface
area/body weight ratio and presumably higher functional mem-
brane transfer area/body weight ratio [301.
Peritoneal solute clearances, scaled for body weight, are
higher in children than adults. The augmented peritoneal clear-
ances (mi/kg/day) in children, however, are due to the routine
use of higher dialysate volumes (mi/kg) as well as the more
rapid equilibration of small solutes. These factors may explain
the success of CCPD, with three or four overnight exchanges
and one daytime exchange, in maintaining adequate daily
peritoneal solute clearances in most children [31]. However,
with long-dwell peritoneal dialysis exchanges in children, the
rapid absorption of glucose from the dialysate, early dissipation
of the transperitoneal osmolar gradient and early onset of net
fluid absorption may result in inadequate daily net ultrafiltra-
tion. The kinetics of peritoneal dialysis in children may be more
suited to short-dwell intermittent dialysis therapy such as
nightly peritoneal dialysis (NPD) [32]. This form of peritoneal
dialysis also gives the child freedom from daytime exchanges.
In conclusion, lymphatic absorption significantly reduces net
ultrafiltration and solute clearances after long-dwell peritoneal
dialysis exchanges in children. Moreover, lymphatic absorption
during peritoneal dialysis in children causes a proportionately
greater reduction in daily net ultrafiltration and solute clear-
ances than in adults. Thus, the efficiency of peritoneal dialysis
may be increased to a greater extent in children than in adults if
lymphatic absorption is reduced.
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